Characterization of the molecular pathways that are required for the viability and maintenance of self-renewing tumor-initiating cells may ultimately lead to improved therapies for cancer. In this study, we show that a CD133 ؉ /CD44 ؉ population of cells enriched in prostate cancer progenitors (PCaPs) has tumor-initiating potential and that these progenitors can be expanded under nonadherent, serum-free, sphere-forming conditions. Cells grown under these conditions have increased in vitro clonogenic and in vivo tumorigenic potential. mRNA expression analysis of cells grown under sphere-forming conditions, compared with long-term monolayer cultures, revealed preferential activation of the PI3K/AKT signaling pathway. PI3K p110␣ and ␤-protein levels were higher in cells grown under sphere-forming conditions, and phosphatase and tensin homolog (PTEN) knockdown by shRNA led to an increase in sphere formation as well as increased clonogenic and tumorigenic potential. Similarly, shRNA knockdown of FoxO3a led to an increase in tumorigenic potential. Consistent with these results, inhibition of PI3K activity by the dual PI3K/mTOR inhibitor NVP-BEZ235 led to growth inhibition of PCaPs. Taken together, our data strongly suggest that the PTEN/PI3K/Akt pathways are critical for prostate cancer stem-like cell maintenance and that targeting PI3K signaling may be beneficial in prostate cancer treatment by eliminating prostate cancer stem-like cells.
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FoxO3a ͉ PI3Kinase ͉ prostate cancer progenitors A bout 40% of men with localized prostate cancer suffer from a relapse after initial therapy (1) . The majority of these men will then undergo androgen ablation therapy, but most patients will suffer from tumor progression to hormone-refractory cancer (2) . One possible explanation for the initial positive response to therapy followed by androgen-refractory disease is that although current therapies eliminate the bulk of the tumor, they fail to eliminate cancer stem cells (CSCs) or tumor-initiating cells (TICs). In fact, it has been argued that many cancers are maintained in a hierarchical organization of rare CSCs, rapidly dividing cells, and differentiated tumor cells; the CSCs are not only a renewable source of tumor cells but are also a source of tumor resistance leading to tumor recurrence, metastasis, and tumor progression. Support for this hypothesis came with the identification of TICs in leukemia in 1994 (3) and, subsequently, in a variety of cancers, including solid tumors (4, 5) . In addition, cancer cell lines have been shown to harbor cancer stem-like cells and are a promising model for CSC research because these progenitors can be readily expanded under anchorageindependent (sphere formation) serum-free conditions (6) (7) (8) .
Several putative stem cell populations have been identified in the prostate gland and are characterized by the cell surface markers CD44, CD133, and ␣2␤1 high integrin (9, 10) . Prostate cancer progenitors (PCaPs) expressing these cell surface markers make up a subset of prostate cancer cells that are self-renewing, differentiate into heterogeneous tumors, and are highly tumorigenic in immunodeficient mice (9, 10) . In this study, we enriched for PCaP populations expressing CD44 and CD133 cell surface markers from prostate cancer cell lines by growing them as spheres in anchorageindependent serum-free media (progenitor media conditions). These progenitors were further functionally defined by increased self-renewal capacity and tumorigenicity. Although the PI3K pathway is a key regulator of prostate cancer progression, little is known about the role of this pathway in PCaP maintenance. In this study, we observed phosphatase and tensin homolog (PTEN)/PI3K/Akt1/ FoxO3a signaling to be important for PCaP survival and proliferation. Furthermore, this study suggests that PI3K pathway inhibitors that target cancer stem-like cell populations could prove beneficial for the treatment of prostate cancer.
Results and Discussion
Enrichment of Prostate Cancer Stem-Like Populations Under SphereForming Conditions. CD133 ϩ /CD44 ϩ populations, which are enriched in PCaPs (9, 10), have increased tumor-initiating potential [supporting information (SI) Fig. S1 A] . However, the frequency of PCaPs under long-term culture conditions is very low. Therefore, in this study, sphere-forming conditions were used to enrich for PCaPs in prostate cancer cell lines expressing the cell surface markers CD44 and CD133. Whereas prostate cancer cell lines have less than 1% PCaPs under long-term monolayer culture conditions, flow cytometry analysis of the prostate cancer cell lines PC3 and DU145 showed significant enrichment of these progenitors when grown under sphere-forming conditions (Ͼ6-12%; Fig. 1A) . A similar frequency of progenitors was also observed in other prostate cancer cell lines (Fig. S1B ). PCaPs enriched from DU145 and PC3 prostate cancer cells have increased clonogenic potential when grown in soft agar-a 2-fold enrichment was observed for cells grown under sphere-forming conditions compared with monolayer conditions (Fig. 1B) . To test the tumorigenic potential of cells grown under sphere-forming conditions with enriched progenitors, we s.c. injected DU145 cells grown under sphere and monolayer conditions at varying cell numbers into nonobese diabetic (NOD)/ SCID mice. The sphere-derived cells showed significantly higher tumorigenicity than the cells grown in monolayer conditions, and mice that were injected with 10 6 cells grown under monolayer and sphere-forming conditions grew tumors. However, 2 of 3 mice inoculated with 1,000 sphere-derived cells developed tumors, whereas no tumors were observed from 1,000 monolayer cultured cells (Fig. 1C) , consistent with the increased frequency of TICs under the sphere-forming condition. Three of 3 NOD/SCID mice injected with either monolayer or sphere-derived cells (in each case, both 10 5 or 10 6 cells) developed tumors (Table 1) , but tumors derived from monolayer-cultured cells were smaller than spherederived tumors. In addition, sphere-derived tumors grew faster, and on dissociation, they gave rise to secondary tumors with high efficiency (tumors in 3 of 3 mice when 1,000 cells were injected), whereas comparable tumors derived from monolayer-cultured cells did not (0 of 3 mice) (Fig. S1C) . We observed that the secondary tumors derived from spheres (from 1,000 cells) grew faster than the primary tumors, and we attribute this to in vivo selection of increased TIC populations in secondary tumors. Histological analysis indicates that tumor heterogeneity was maintained in tumors derived from cells grown under sphere conditions but not in tumors derived from monolayer cultures (Fig. 1C) . We observed both acinar type and ductal differentiation in sphere-derived tumors, and a fused gland pattern was also more frequent in sphere-derived tumors. We attribute this increased heterogeneity to an increased frequency of PCaPs, with progenitors having the ability to differentiate into different lineages of prostate gland.
Gene Expression Profiles of PCaPs. To identify genes that are preferentially expressed in cells grown under sphere conditions, we carried out microarray analysis of gene expression in DU145 and PC3 cells by using Affymetrix U133 arrays. A total of 1,266 genes were differentially expressed (by Ն2-fold) in cells cultured under sphere versus monolayer conditions. Among these 1,262 genes, 975 genes were common to both cell lines, 545 genes were Ն2-fold up-regulated, and 430 genes were Ն2-fold down-regulated (Fig.  S1D ). Several genes were chosen ( Fig. S1E and Table S1 ) for quantitative RT-PCR confirmation, and all had similar gene expression patterns as the microarray. All 975 genes with annotations are presented in Table S2 . To shed light on the sphere-specific signaling pathways, all 975 genes identified in the microarray that were common to both cell lines and differentially expressed in sphere and monolayer conditions were subjected to pathway analysis by using ingenuity pathway analysis. Functional clustering of these differentially regulated genes revealed that diverse biological processes, including the primary metabolic processes, cell division, cell death, development, growth, signal transduction, cell proliferation, cell cycle, cell transport, and motility ( Fig. S1F) , differ between cells grown under sphere and monolayer conditions. Several genes involved in negative regulation of the cell cycle were up-regulated in cells grown under sphere conditions. This finding suggests that spheres contain a larger percentage of quiescent cells than cells grown under monolayer conditions. (Table S2 ).
An overlay of canonical pathways identified PTEN/PI3K signaling as one of the top 10 networks, which was represented by Ϸ25 differentially regulated genes (Fig. S1F) . Although the PI3K pathway is an integrator of multiple inputs during tumorigenesis and a known key regulator of prostate cancer progression, angiogenesis, and metastasis (11) (12) (13) (14) (15) , little is known about the role of this pathway in PCaP maintenance. To confirm differential expression levels of PI3K pathway members in cells grown under sphere versus monolayer conditions, we measured both message and protein levels of PI3K p110␣-and ␤-subunits in DU145 and PC3 cells. Cells grown under sphere-forming conditions showed increased levels of both subunits when compared with monolayer cells (Fig. 2A) . Western blot analysis showed significant levels of phosphorylation of downstream effectors of the PI3K signaling pathway, particularly Akt, GSK3␤, FoxO1a, and FoxO3a, corresponding to activation of the PI3K signaling pathway (Fig. 2B ). PI3K pathway activation was independent of androgen receptor status as determined by Western blot analysis of sphere-derived cells from androgen receptorpositive and -negative cells (data not shown). Taken together, these findings suggest an important role for PI3K signaling in the survival and proliferation of PCaPs.
PTEN Loss Leads to Increased Cancer Progenitors with High Clonogenic
and Tumorigenic Potential. To investigate the role of PI3K signaling in PCaPs further, we initiated a series of experiments aimed at modulating PI3K pathway activation. Deletion of PTEN, which negatively regulates PI3K signaling, has been shown to expand prostatic stem/progenitor cell subpopulations and to promote tumor initiation in murine models of prostate cancer (16) . It was also recently reported that Pten deletion causes the generation of transplantable leukemia-initiating cells and causes depletion of normal hematopoietic stem cells (17) . The expression data cited previously suggest that PTEN plays a role in determining the clonogenic and tumorigenic potential of human PCaP cells. To test Fig. S2 A) . We then measured the self-renewal capacity of PCaPs and observed a 3-fold increase in the sphere-forming ability of PTEN knockdown DU145 cells (Fig. 2C) . Consistent with the increase in sphere-forming ability, we also observed an increase in the fraction of CD44 ϩ / CD133 ϩ populations within the PTEN knockdown DU145 cells (Fig. 2D). [PTEN knockdown cells grown under sphere-forming conditions also showed an increase in the CD44 ϩ /CD133 ϩ population compared with scrambled shRNA control cells (Fig. S2B ).] The increase in PCaPs suggested that these cells may have higher tumorigenicity in vivo. To test this hypothesis, a tumorigenicity assay was performed by injecting 100,000 DU145 stably knocked-down PTEN cells into NOD/SCID mice. The PTEN knockdown DU145 cells showed higher tumorigenicity than WT DU145 cells (Fig. 2E) . This observation that stable knockdown of PTEN by shRNA leads to a significant increase of PCaPs in DU145 cells is consistent with the report that loss of PTEN leads to expansion of leukemic stem cells (17) . The tumorigenic potential of PTEN knockdown cells was also higher compared with control DU145 cells, thus providing further evidence for role of PTEN on the tumor initiation potential and maintenance of stem-like cell populations in prostate cancers.
FoxO3a Plays an Important Role in the Maintenance of PCaPs. PI3K signaling regulates transcription through the forkhead family of transcription factors (FoxO) by phosphorylating conserved serine/ threonine residues, which, in turn, control FoxO cellular localization. Activation of the PI3K-AKT signaling cascade leads to phosphorylation of FoxOs by Akt, resulting in cytoplasmic sequestration of the protein followed by degradation (18, 19) . Transcriptionally active FoxOs affect a wide range of biological processes, including cell cycle arrest, apoptosis, DNA repair, antioxidative stress, and longevity (20) (21) (22) . Among the members of FoxO, FoxO3a has been shown to be important for the maintenance of an unlimited lifespan of hematopoietic stem cells (23) . Consistent with activated PI3K signaling, we observed an increase in FoxO3a phosphorylation in DU145 and PC3 cells grown under sphere-forming conditions (Fig.  2B) . Moreover, FoxO3a protein cellular localization analysis revealed a decrease in the nuclear fraction of FoxO3a in FACS-sorted CD133 ϩ /CD44 ϩ DU145 cells relative to CD133 Ϫ /CD44 Ϫ cells (Fig.  3A) . We also evaluated the activity of FoxO3a in PCaPs by measuring the levels of the FoxO3a transcriptional target growth arrest and DNA damage 45-alpha (GADD45a). Expression of GADD45a has been shown to be positively regulated by FoxO3a (22) . FACS-sorted CD133 ϩ /CD44 ϩ and CD133 Ϫ /CD44 Ϫ DU145 cells were transiently transfected with a GADD45a luciferase reporter plasmid. In accordance with the cellular localization data, luciferase levels were lower in CD133 ϩ /CD44 ϩ cells (Fig. 3B) . To establish the role of FoxO3a in the maintenance of PCaPs, we used shRNA to knock down FoxO3a in DU145 cells and measured CD133 ϩ /CD44 ϩ populations. We observed a 2-fold increase of the CD133 ϩ /CD44 ϩ -enriched PCaPs in FoxO3a knockdown (1.41%) cells compared with scrambled shRNA-transduced control DU145 cells (0.65%; Fig. 3C ) (FoxO3a expression was reduced Ͼ80%, by RT-PCR; Fig. S3A ). Consistent with this result, there was an increase in sphere-forming ability in FoxO3a knockdown DU145 cells compared with control cells (Fig. 3D) . We also observed an increase in clonogenic capacity of FoxO3a knockdown DU145 cells (Fig. S3B ). In agreement with the increased sphere-forming ability and clonogenicity, FoxO3a knockdown DU145 cells also showed higher tumorigenic potential compared with scrambled control cells. A total of 10 6 FoxO3a knockdown DU145 cells and scrambled shRNA-transduced control DU145 cells were injected s.c. into NOD/SCID mice, and a 2-fold increase was observed in the tumorigenicity of FoxO3a knockdown cells (Fig. 3E) . Taken together, these data suggest that in PCaPs, inactive FoxO3a is important for maintenance of cancer progenitors as a result of activated PI3K signaling. Deletion of FoxO3a led to an increase in the clonogenic, self-renewal, and tumorigenic capacity of prostate CSCs. This increase is likely partially attributable to decreased expression of GADD45a, a nuclear protein involved in the maintenance of genomic stability, DNA repair, and suppression of cell growth. In addition to GADD45a, several other genes regulated by FoxO3a (Trail, p21, p27, and p130) had decreased expression in PCaPs (Fig. S4 ) and may also play role in the maintenance of cancer progenitors. To translate these findings to human prostate tumors, we immunostained paraffin-embedded human primary low-grade and high-grade prostate tumors with CD133 and FoxO3a. We observed that tumors composed of CD133 ϩ cells had high levels of phosphorylated (Ser-253) FoxO3a (Fig. 3F) Inhibition of PI3K Pathway Leads to a Decrease in PCaP Survival. To provide additional evidence that the PI3K pathway is important for stem-like cell maintenance and survival, we tested the effect of 2 PI3K pathway modulators, LY294002 and NVP-BEZ235 (24), on the survival of PCaPs (CD44 ϩ /CD133 ϩ ) within prostate cancer cell lines. PC3 and DU145 cells were treated with LY294002 (IC 50 ϭ 10 M) or NVP-BEZ235 (IC 50 ϭ 20 nM) at 5, 10, and 20 M or 10, 50, and 100 nM, respectively, for 3 days in serum-free epithelial growth medium. As expected, there was strong inhibition of Akt phosphorylation and consequent nuclear localization of FoxO3a in response to LY294002 and NVP-BEZ235 in all tested cell lines ( Fig.  S5 A and B) . The PTEN-positive DU145 and PTEN-negative PC3 cells treated with inhibitors and control cells treated with DMSO were then subjected to flow cytometry analysis to determine CD44 ϩ /CD133 ϩ populations. As shown in Fig. 4A , 5 and 10 M LY294002 or 10 and 50 nM NVP-BEZ235 had a significant effect on the viability of PCaPs in multiple prostate cancer cell lines.
Treatment of PTEN-positive DU145 cells with 10 M LY294002 or 50 nM BEZ235 decreased the CD44 ϩ /CD133 ϩ population more than 7-fold and 2-fold, respectively, when compared with DMSOtreated control cells. A similar effect was seen in PTEN-negative PC3 cells (Fig. 4A) . To determine whether inhibition of the PI3K pathway has any effect on sphere formation, PC3 and DU145 cells were treated with 5 and 10 M LY294002 or 10, 50, and 100 nM BEZ235 and sphere formation ability was measured. Treatment of PC3 and DU145 cells with 50 M LY294002 or 100 nM BEZ235 leads to a Ն2.5-fold decrease in sphere-forming ability compared with DMSO-treated cells (Fig. 4B) . In addition, we assayed differential inhibition of CD133 ϩ /CD44 ϩ and CD133 Ϫ /CD44 Ϫ cells by LY294002 and observed a significant inhibition of double-positive cells compared with double-negative cells for both DU145 and PC3 cells (Fig. S5B) . These data show that inhibition of the PI3K pathway has a significant effect on maintenance of PCaPs in vitro and suggest that the combination of cytotoxic agents and a PI3K inhibitor may lead to enhanced tumor regression in vivo through ablation of both bulk tumor and progenitor cells.
Conclusion
To identify signaling pathways in PCaPs, we performed gene expression profiling experiments and subsequent pathway analysis, which showed that the PTEN/PI3K network plays an important role in the maintenance of PCaPs. Our results are in agreement with recently published data from Zhou et al. (25) , showing that activation of the PI3K/PTEN pathway in breast cancer stem-like cells is required for CSC viability and maintenance. In addition to having increased protein levels of PI3K subunits p110␣ and p110␤, cells grown under sphere conditions also had increased phosphorylation levels of several signaling molecules involved in PI3K signaling, including Akt1, GSK3␤, FoxO1a, and FoxO3a. Inhibition of the PI3K pathway by LY290042 and NVP-BEZ235 led to a relative decrease in CD133 ϩ /CD44 ϩ stem-like populations in prostate cancer cell lines. We also observed a significant decrease in the clonogenic potential of these progenitors. Our findings are consistent with previous data showing that PI3K signaling plays an important role in acute malignant leukemia and breast CSCs (26, 27) . In these studies, it was shown that PI3K/mTOR/PTEN signaling was critical for cancer progenitor survival and proliferation, as confirmed by pathway-specific inhibitors, selected gene knockdown, and in vivo tumorigenicity assay.
Consistent with PI3K results and the reported activities of PTEN, we observed that on knockdown of PTEN by shRNA, there was a significant increase in PCaPs in prostate cancer cell lines. The tumorigenic potential of PTEN knockdown cells was also higher compared with control cells, thus providing further evidence for a role of PTEN on the tumor initiation potential and maintenance of stem-like cell populations in prostate cancers. We also demonstrated that inhibition of FoxO3a nuclear translocation led to increased clonogenic and tumorigenic potential of prostate cancer cells attributable to an increase in PCaPs. Consistent with the role of FoxO factors in promoting cell cycle arrest at the G1/S and G2/M boundaries, the expression of active forms of FoxO3a up-regulates several genes, including GADD45a, which is involved in DNA repair; Trail, which is involved in apoptosis; and genes involved in the cell cycle, such as p21, p27, and p130, that may play a role in CSC maintenance (28) . Taken together, these results suggest that FoxO3a may negatively regulate prostate cancer stem-like cells, which agrees with other observations suggesting that FoxO proteins inhibit CSC maintenance and promote cell differentiation. For example, FoxO3a has been shown to induce differentiation of Bcr-Abl-transformed cells through transcriptional down-regulation of ID1 (29) . In addition, the conditional deletion of FoxOs in specific tissues has demonstrated lineage-restricted tumorigenesis (30) . Further analysis of FoxO3a modulation may lead to the development of novel points of therapeutic intervention in prostate cancer. 
